Scattering is one of the main issues left in planar mammography examinations, as it degrades the quality of the image and complicates the diagnostic process. Although widely used, anti-scatter grids have been found to be inefficient, increasing the dose delivered, the equipment price and not eliminating all the scattered radiation. Alternative scattering reduction methods, based on postprocessing algorithms using Monte Carlo (MC) simulations, are being developed to substitute anti-scatter grids. Idealized detectors are commonly used in the simulations for the purpose of simplification. In this study, the scatter distribution of three detector geometries is analyzed and compared: Case 1 makes use of idealized detector geometry, Case 2 uses a scintillator plate and Case 3 uses a more realistic detector simulation, based on the structure of an indirect mammography X-ray detector. This paper demonstrates that common configuration simplifications may introduce up to 14% of underestimation of the scatter in simulation results.
1
Introduction.
Scattered radiation remains one of the main challenges in digital mammography [1] , limiting the quantitative usefulness of radiographic images. It reduces the quality of the image, degrades the contrast and the signal to noise ratio, reduces the dynamic range and therefore affects the diagnosis of low contrast lesions and small microcalcifications [2, 3] . At present, the most widespread technique to reduce the scattered radiation in mammography, makes use of anti-scatter grids. However, anti-scatter grids are an incomplete solution, adding complexity and cost to the mammography system manufacturing. Although they help to improve image quality, they also attenuate primary radiation, leading to an increase in the patient dose delivered (up to a factor of 3) to maintain a constant Detector Air Kerma (DAK) [1] , [4, 5] .
The limitations of the anti-scatter grids have contributed to the emergence of new scatter reduction methods, based on image post-processing. Although scatter can be estimated using Monte Carlo (MC) simulations, faster and more flexible methods, such as the convolution-based scatter estimation method, have lately become more attractive [4] , [6, 7] . This method is based on the idea that the scatter in the system is spatially diffuse, thus it can be approximated by a two-dimensional low-pass convolution filter of the primary image [3] . In this paper, we study the scatter contribution of different detector geometries and their influence on the simulated filters, i.e. point spread function (PSF) kernels; in order to study possible simplifications in future scatter modelling.
Methodology
The image recorded in a digital mammography detector is the combination of energy deposited by primary and scattered X-ray photons. In this work, the contribution of the detector geometry to the final scatter PSF (SPSF) kernels will be analyzed.
Software used
MC simulations, based on the GEANT4 toolkit (version 10.01.p02), were used to study the production of scattered radiation in the simulated mammography geometry. GEANT4 is a widely used toolkit for simulating physical processes, including those occurring in mammography [8, 9, 10] .
Scatter Point Spread Function
SPSF kernels are obtained from the MC simulation using a narrow X-ray beam which is represented by a normally-incident two-dimensional spatial delta function, i.e. the Xray beam is simulated following the narrow pencil beam method [2] , [7] , [10] . Energy from scattered radiation (S) was binned into 1mm radius (r) concentric annuli (up to 100mm). These were then normalized to the primary image P(0) to create SPSFs. These SPSFs were also normalized by the area of the annuli, A(r), as described in [11] .
Validation Geometries
Before the simulations were performed, the scatter PSF code was validated using, as a benchmark, the values given in the report of the American Association of Physicists in medicine (AAPM) task group 195, case 3 -Mammography and breast tomosynthesis [12, 13] . The geometry used for the validation included breast compression and support paddles, both made of PMMA and 2mm thick, a semi-circular cylinder as breast phantom -46mm thick, composed by 80/20% of adipose/glandular tissue and surrounded by a 2mm thick skin layer -and a 13mm air gap between the support paddle and an idealized detector surface. The Source to Image Distance (SID) was 660mm. A patient body made of water was also included, adjacent to the breast phantom's chest wall side and centered in the vertical direction with the breast phantom. Fig.1 -A shows a diagram of the geometry [12, 13] .
A combination of two X-ray beams (cone and pencil beam) and two X-ray spectra (monoenergetic and polyenergetic) were used for the validation, see Table 1 . The spectrum values were obtained from [12] . For each of them, the primary radiation, Compton scattering, Rayleigh scattering and multiple scattering were measured in 7 different regions of interest (ROIs), as described by [12] . Enough particles to produce Standard Error of the Mean (SEM) values equal or lower than 1% were run. The maximum discrepancies were obtained when recording the multiple scattering values. 
Geometry used in this study
The mammography geometry used was slightly modified from the one suggested in the AAPM-group 195 report, [12] , to adjust it to the needs of this study. Firstly the patient body was not included in the simulation, as we were only interested in studying the scattering produced in the center of the breast, and secondly the D-shaped phantom was changed to a cylinder-shaped phantom, Fig. 1-B shows an example of this geometry. In this report, the SPSF kernels are simulated using a narrow pencil beam and spectrum of 30kVp Mo/Mo (HVL=0.3431 mmAl). The photon cross-section "Electromagnetic physics option 4 package" was used both for the validation and the experiment. 20 to 60 runs, of 10 9 X-ray photons each, were simulated, ensuring uncertainties lower than 1.5%. All presented values are represented as:
where, ̅ is the mean of the value under study and s represents the uncertainty. s were calculated following equation (3), as suggested by Sempau et al. [14] :
where, N is the number of runs and qi is the value under study for run N=i. Figure A shows an example using a cone beam aligned with the chest wall of the breast phantom. Figure B shows the pencil beam example and a detector added after the air gap.
Experiment and analysis
To evaluate the contribution of the detector geometry to the simulated PSF, three different detector setups were compared:
1. Case 1 -Ideal detector geometry: The detector is assumed to be an ideal X-ray sensitive surface. The energy stored comes from all X-ray photons that reach the detector surface. 2. Case 2 -Simplified detector geometry: The detector is assumed to be only the scintillator plate (200µm CsI on a 1.5mm of amorphous Carbon (aC) substrate [15] ), placed right after an air gap of 13 mm. 3. Case 3 -Realistic detector geometry: The different layers of the detector down to the scintillator surface are considered and their contribution studied. A carbon cover was placed after the 13mm air gap. Then, a second air gap was added between the cover and the Case 2 scintillator plane. The second air gap is an approximation used to simulate a piece of foam, see Foam Case 2 simplification is often found in the literature, in cases where the detector structure is unknown. To evaluate how effective this simplification is, Case 3 simulates a more realistic detector structure. The interactions occurring after the X-rays are scintillated were not taken into account.
For the three detector geometries described above, three breast thicknesses and three breast glandularity percentages -material composition obtained from Hammerstein et al. [16] -were analyzed. Table 2 shows all of the combinations under study. Data from experiment A are taken as the reference values. Radial symmetry was assumed in this study, since the pencil beam hits a location far from the edges of the simulated phantom. The figure of merit used for the analysis of the result was the total SPR, SPRT, see (4) , which corresponds to the area under the SPSF' curve and represents the amount of total scatter.
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3 Results Fig. 2 is used to highlight the differences between the cases, using results from A.1 as reference.
Comparison of the scatter kernels obtained for each geometry

Comparison of the SPRT obtained for each experiment
The area under the SPSF(r) curve, i.e. SPRT, allows the comparison of the total scatter contribution of the different experiments, see Table 3 . The table also shows the ratio between cases 1 and 3 and cases 2 and 3, giving an estimation of the change in the scattering between cases and experiments. The values were calculated for a radial distance of 100mm. Looking at the last two columns of Table 3 , the ratio of C1 or C2 with respect C3 can be seen in Fig. 3 (expressed in %) . Fig. 3 . The plot shows the ratio between the ideal detector geometry C1 (and the scintillator plate geometry C2) and the more realistic geometry (C3) for different breast thickness (T) and glandularity (G) combinations. 
Discussion and Conclusions
Convolution-based scattering removal methods have been suggested in the literature for scattering reduction in mammography, as an alternative to the anti-scatter grids [3] , [6, 7] . This method makes use of simplified MC simulations for kernel (PSF) calculations, which are used to post-process acquired images. A realistic mammography geometry is required for the PSF simulations, to account for scatter from elements such compression paddle and breast support which can have a large contribution in the final image [10] , [17] . This work focuses on the contribution of the detector geometry to the SPRs. To that end, three geometries have been studied for three different glandularity and thicknesses: an ideal case where the detector does not contribute to the scatter (Case 1), an intermediate case where the detector is approximated to the scintillator plate (Case 2) and a more realistic detector structure (Case 3). Fig. 2 shows a plot of the SPSF as a function of the radial distance. In the graph, it is possible to see that cases 2 and 3 show a peak at shorter radial distances, up to 4mm, that is not present in Case 1. This is in line with previous observation of Diaz [11] . Case 1 underestimates the scattering up to a factor of 10, at radial distance equal to 1mm.
Considering the overall scatter contribution (see Table 3 ) the total amount of scatter increases with additional layers of material. As expected, a more complex detector geometry presents higher scatter to primary ratio values. If Case 1 and Case 3 are compared, a discrepancy between 10-14% is found for the different experiments, while a discrepancy between 3-6% can be seen when comparing cases 2 and 3. These results show that it is important to add the detector information into the simulations. If the dimensions and component materials are unknown, just by adding the scintillator (substrate and CsI:Tl) to the geometry can improve the scatter simulation by 5-8%, when compared with the detailed detector geometry, Case3.
The changes in the ratio between the cases, as a function of variations in the glandularity or the thickness of the breast, can be seen in Fig. 3 . The figure shows the percentage discrepancy from the reference experiment. The results show that Case 1 is more affected by the phantom changes than Case 2.
For thinner breasts (experiment B), the variation with Case 3 is higher, so the importance of including the detector details in the simulation increase. As thicker breast phantoms have greater contribution to the total SPR we believe that the relative contribution from the detector geometry to the total SPR is decreased.
Glandularity variations do not seem to have a considerable effect to the ratio between the cases. This is in line with the literature, [10] , [18] .
